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1 Zusammenfassung
Tetraploidie, ein Zustand, in dem Zellen vier haploide Chromosomensa¨tze aufweisen, kann ein
Weg zu Aneuploidie, welche durch Abweichungen in Anzahl und Struktur der Chromosomen
gekennzeichnet ist, sein. Aneuploidie ist oft ein Ausdruck von im Gleichgewicht von Chro-
mosomverlust und -gewinn befindlicher chromosomaler Instabilita¨t (Chromosomal Instability,
kurz CIN). Chromosomale Instabilita¨t ist durch Chromosomen-Misssegregation gekennzeichnet
und wird zusammen mit Aneuploidie oft in Tumoren beobachtet. CIN ermo¨glicht es Tumoren,
sich an ihre Umweltbedingungen anzupassen und wird deshalb mit Arzneimittelresistenz und
schlechten Prognosen bei Krebserkrankungen verbunden. Alles in allem legt dies eine Route
von transient auftretender Tetraploidita¨t zu Tumorentstehung nahe.
Aus diesem Grund wurde in unserem Labor ein Modell der Evolution tetraploider Zellen ent-
wickelt, indem die Zytokinese in sowohl krebsartigen (HCT116) als auch nicht krebsartigen,
immortalisierten Zellen (RPE1 hTERT) inhibiert wurde. Die Nachkommen, welche diese Te-
traploidisierung u¨berlebt hatten, sogenannte post-Tetraploide (PT), wurden nach ihren paren-
talen Zelllinien HPTs und RPTs genannt. HPTs weisen Aneuploidie und CIN auf, welches sich
unter anderem in erho¨hten Raten mitotischer Fehler wie nachha¨ngenden Chromosomen und
Anaphasenbru¨cken, zeigt. Außerdem sind HPTs toleranter gegenu¨ber Missegregation, was sich
darin a¨ußert, dass sie bipolare mitotische Missegregationen ha¨ufiger u¨berleben.
Um herauszufinden, ob PTs, welche von einer immortalisierten Zelllinie abstammen, einen
Misssegregations-Pha¨notyp sowie Aneuploidie und CIN aufweisen, habe ich FluoreszenzIn Situ
Hybridisierungs-Experimente (FISH) an centromerischen Regionen der Chromosomen 3 und
7 durchgefu¨hrt. Des Weiteren wurde die Anzahl an Kopien jedes Chromosoms bestimmt.
RPT3, die einzige RPE1 hTERT-Nachkommenlinie, welche erho¨hte Missegregationsraten auf-
weist, zeigte ebenfalls Aneuploidie.
Da der Arrest neu gebildeter tetraploider Zellen von p53 abha¨ngt, ko¨nnte eine Deregulierung
von Mitgliedern des p53-Signalwegs zu Toleranz gegenu¨ber Missegregation fu¨hren. Dies wurde
schon fu¨r HPTs mittels einer Mikronukleation-Analyse gezeigt. Hierbei wurde das nukleare
p53-Signal in binuklearen Zellen, welche Mikronuklei enthielten, getestet. Mikronukleation ist
einer der Pha¨notypen, die durch Missegregation entstehen ko¨nnen. PTs, welche ihre Chromo-
somen ha¨ufiger als ihre parentalen Zelllinen missegregieren, haben ein vermindertes p53-Signal
im Nukleus.
Dies fu¨hrte zur Untersuchung, ob die reduzierte Aktivierung von p53 mit Misssegregation korre-
liert. Hierzu wurde Misssegregation induziert gefolgt von Immunoblotting-Experimenten gegen
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p53 und pSer15-p53. Es wurde jedoch keine Verbindung zwischen induzierter Misssegregation
und verminderter p53-Aktivierung gefunden.
Folglich untersuchte ich, ob eine andere Art zellula¨ren Stresses den p53-Signalweg sto¨ren wu¨rde.
DNA-Scha¨den sind eine Art zellula¨ren Stresses, auf den p53 reagiert. Ich fu¨hrte Immunoblotting-
Experimente an unbehandelten Proben sowie an Proben, die mit DRB, einer DNA-scha¨digenden
Substanz, behandelt wurden, durch. Die Aktivierung von p53 war in DRB-behandelten Zellen
gesto¨rt. Um herauszufinden, ob dies durch p53 selbst, durch einen Aktivator von p53 oder
beides verursacht wird, untersuchte ich, ob die Upstream-Aktivierung von p53 ebenfalls gesto¨rt
ist. p38 war ein guter Kandidat, da es p53 an Serin 15 phosphoryliert und mit p53-Aktivierung
bei chromosomaler Misssegregation in Verbindung gebracht worden ist. Sowohl p38 als auch
p53 scheinen eine verminderte Aktivierung in DNA-scha¨digenden Bedingungen aufzuweisen.
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2 Abstract
Tetraploidy, a cellular state where cells harbor four haploid sets of chromosomes, can be a route
to aneuploidy, which is defined by alterations in chromosome number and structure. Aneuploidy
itself is often a steady-state manifestation of chromosomal instability (CIN). Chromosome mis-
segregation is a hallmark of CIN. Aneuploidy and CIN are often observed in tumors. CIN
enables tumors to adapt to their environment and is therefore associated with drug resistance
and poor prognosis in cancer. Taken together, a route from transient tetraploidy to aneuploidy
and CIN to tumorigenesis was proposed.
Therefore, in our lab, a model mimicking the evolution of tetraploid cells was generated by
inhibiting cytokinesis in both cancerous (HCT116) and non-cancerous, immortalized (RPE1
hTERT) cell lines. According to their parental cell lines, the resulting progeny that survived
tetraploidization, so-called post-tetraploids (PTs), were called HPTs and RPTs, respectively.
HPTs display aneuploidy and CIN, manifested in increased rates of mitotic errors, e.g. lagging
chromosomes and anaphase bridges. Furthermore, HPTs are more tolerant to missegregation in
a way that they display increased survival in response to chromosome missegregation in bipolar
mitosis.
To investigate whether PTs derived from an immortalized cell line displayed the missegrega-
tion phenotype, aneuploidy and CIN, I performed Fluorescence In Situ Hybridization (FISH)
experiments on centromeric regions of chromosome 3 and 7. Additionally, the chromosome
copy numbers were analyzed. RPT3, the only RPE1 hTERT derived cell line that displayed
increased rates of missegregation, displayed complex aneuploidy, as well.
Since freshly arising tetraploids arrest in a p53-dependent manner, a deregulation of members
of the p53 pathway could lead to tolerance to missegregation. This was already shown for
HPTs in a micronucleation analysis. In this analysis, the nuclear p53 signal in binucleated
cells containing micronuclei was assessed. Micronucleation is one phenotype of missegregation.
PTs, which missegregate their chromosomes more often then their parental cell lines showed a
decreased nuclear p53 signal after micronucleation.
This fact led me to investigate whether the decreased p53 activation correlates to missegre-
gation. The approach chosen was inducing missegregation followed by immunoblotting exper-
iments against p53 and pSer15-p53. This, however, did not yield any link between induced
missegregation and decreased p53 activation.
Therefore I investigated if a different kind of cellular stress would result in an impaired p53
pathway. One of the cellular stresses sensed by p53 is DNA damage. I performed immunoblot-
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ting experiments in untreated samples and samples treated with a DNA damaging reagent,
DRB. The activation of p53 was changed in DRB-treated samples. To address the question
whether this is caused by p53 itself or by an activator of p53 or both, I investigated if the
upstream activation was also impaired. p38 was a good candidate since it phosphorylates p53
on serine 15 directly and is associated with p53 activation upon chromosome missegregation.
Both p38 and p53 seem to show decreased activation in DNA-damaging conditions.
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3 Introduction
3.1 Tetraploidy, aneuploidy and chromosomal instability
Tetraploidy is a cellular state in which cells harbor four haploid sets of chromosomes. It can
arise via three main mechanisms: cell fusion, mitotic slippage or failure of cytokinesis (for re-
view: Storchova and Pellman (2004)).
Cell fusion is frequently a part of developmental processes, such as muscle development in
D. melanogaster. In this process, muscle progenitor cells fuse with undifferentiated, neigh-
boring muscle founder cells to form myoblasts (Ruiz Go´mez and Bate, 1997; Landgraf et al.,
1999). In addition, cells fuse as a consequence of virus infections e.g. human herpes virus 7
infections, which can lead to CD4-positive T-cell fusion (Secchiero et al., 1998). Furthermore,
Sendai virus causes human cells to fuse in culture (Migeon et al., 1974). Finally, viral infection
can trigger cell fusion which results in CIN and cancer. The otherwise unharmful virus MPMV
induces massive instability in fused cells, which express the oncogenes E1A and HRAS. This
prevents the cells from dying after the E1A transduction after cell fusion. When these cells
were injected into mice, these mice developed tumors, whereas mice injected with control cells
with co-transduced oncogenes and control cells, which were injected with MPMV virus and
co-transduced with the oncogenes but were never fused, did not develop any tumors (Duelli
et al., 2007).
Mitotic slippage is a process caused by premature transition from mitosis to G1 phase. This
phenomenon is normally hindered by the spindle assembly checkpoint (SAC), which controls
proper microtubule-kinetochore attachments. Weakly attached kinetochores normally activate
the SAC, which prevents the anaphase-promoting complex (APC) from degrading cyclin B
(Brito and Rieder, 2006) (for review: Musacchio and Salmon (2007)). Mitotic slippage is a con-
sequence of premature cyclin B degradation by the proteasome that drives cells out of mitosis.
This slippage can take place even despite existing mitotic defects.
The third mechanism leading to tetraploidy is a cytokinesis failure that results in formation
of binucleated cells. Cytokinesis failure takes place when nuclear DNA is trapped between the
daughter cells or even if one chromosome lags between them (Mullins and Biesele, 1977; Shi
and King, 2005). Cytokinesis failure can be caused by the impairment of spindle elongation
(Margall-Ducos et al., 2007), telomeric dysfunction leading to anaphase bridges (Pampalona
et al., 2012) or through mutations in the tumor suppressor Adenomatous Polyposis Coli (APC)
(Caldwell et al., 2007) (for review Normand and King (2010)). Experimentally, cytokinesis fail-
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ure can be induced by treatment of cells with the drug dihydrocytochalasin and its derivatives
that prevent the remodeling of the actin cytoskeleton and cleavage furrow progression during
cytokinesis (Fujiwara et al., 2005; Kuffer et al., 2013).
Tetraploid cells arise in mammalian organs and tissues as a part of the developmental program
or as a cellular reaction to metabolic stress (Guidotti et al., 2003). On the other hand, un-
scheduled tetraploidization can have detrimental effects, such as cell transformations (Fujiwara
et al., 2005) and miscarriages (Eiben et al., 1990; Hassold and Chiu, 1985) (for review: Stor-
chova and Kuffer (2008)). Recently it has been suggested that tetraploidy could be a route
to aneuploidy, a cellular state characterized by abnormal karyotypes and multiple structural
and numerical chromosomal aberrations. Furthermore, aneuploidy is frequently a steady-state
manifestation of chromosomal instability (CIN) – a persistent dynamic state, characterized by
continuous chromosome losses and gains (for review see: Storchova and Kuffer (2008); Gordon
et al. (2012); Fig. 1).
In 1902, Theodore Bovery proposed that tetraploidization, achieved in his case by double fertil-
ization of sea urchin eggs, leads to multipolar mitosis. Multipolar mitosis causes chromosome
missegregation, which in turn results in abnormal chromosome numbers in daughter cells. These
abnormal chromosome numbers - aneuploidy - might cause tumorigenesis (Boveri, 2008). Mul-
tipolar mitosis occurs due to abnormal centrosomal numbers (for review: Nigg (2002)). Indeed,
it was observed that upon p53 inactivation in Barrett’s esophagus, tetraploid cells give rise to
aneuploids (Galipeau et al., 1996). Furthermore, a direct link between tetraploidy and tumori-
genesis was shown by Fujiwara (Fujiwara et al., 2005). They injected diploid and tetraploid
cells into mice and observed that only a subset of mice injected with tetraploid cells formed
tumors, whereas none of the mice injected with diploid cell formed tumors. The observed tu-
mors showed near-tetraploid karyotypes with chromosome gains and losses as well as structural
chromosomal rearrangements.
Fig. 1: Tetraploidy as an intermediate route to aneuploidy and CIN. Figure from Kuznetsova (2013).
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Aneuploidy itself is observed in most malignant tumors (for review: Storchova and Kuffer
(2008); Gordon et al. (2012)). Somatic copy number alterations are very common in cancer
samples and cannot be explained by known cancer target genes (Beroukhim et al., 2010). It
was proposed that high levels of aneuploidy are a steady-state manifestation of CIN (Thompson
and Compton, 2010).
CIN is defined by ongoing chromosome number changes and chromosomal rearrangements. It
was proposed that increased mutation rates due to CIN could lead to unbalanced expression of
regulatory and structural genes (Duesberg et al., 2000). Therefore it is not surprising that CIN
can lead to tumor formation in mice (Wang et al., 2006). and is associated with solid tumors
such as colorectal and lung cancer (Haruki et al., 2001; Lengauer et al., 1997). Furthermore,
tetraploidy and CIN were observed as early events in cervical cancer (Olaharski et al., 2006).
CIN is associated with drug resistance and poor prognosis (Duesberg et al., 2000; Carter et al.,
2006). It enables tumors to adapt to changes in their environment better than normal diploid
cells (Bakhoum and Compton, 2012). Cancer arises over years which is why a heterogeneous
cell population could evolve from a single, genomically unstable cell which has overcome prolif-
eration barriers and evaded defenses against uncontrolled proliferation (Anderson et al., 2001).
To sum up, tetraploidy may be an intermediate route to aneuploidy and CIN. The latter causes
heterogeneity in tissues which contributes to chromosome changes in cancer. Changes in chro-
mosome structure lead to the loss of tumor suppressor loci and copy number gains in oncogenes,
which could result in cancer.
3.2 Mechanisms that may cause chromosomal instability
As already stated, aneuploidy is often a steady-state manifestation of CIN (for review see: Stor-
chova and Kuffer (2008); Gordon et al. (2012)). Aneuploid genomes have a higher susceptibility
to chromosome damage, which is often observed in tumor cells (Matzke et al., 2003). It was hy-
pothesized that aneuploidy may lead to protein imbalances because of changes in chromosome
numbers. These imbalances may cause insufficient control in chromosome segregation and may
lead to defective mitosis. This could cause more and more severe aneuploid phenotypes and
result in CIN (Duesberg and Li, 2003).
The occurrence of multiple centrosomes was established as a cause for CIN (Boveri, 2008;
Nigg, 2002). There are four main causes of multiple centrosomes: centrosome overduplica-
tion, abortive cell division, cell fusion and de novo formation of centrosomes (for review: Nigg
(2002)). Multiple centrosomes can cause multipolar mitosis and cells undergoing multipolar
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mitosis segregate their chromosomes in a near-random fashion (Gisselsson et al., 2008; Doxsey
et al., 2005). Cells with an abnormal number of centrosomes can cluster centrosomes to form a
bipolar spindle (Kwon et al., 2008). However, a study revealed that even clustered centrosomes
cause missegregation, since they form a multipolar intermediate (Ganem et al., 2009).
A defective Spindle Assembly Checkpoint (SAC) can cause CIN, as well. The SAC machinery
controls the proper attachments of the kinetochores by microtubules and hinders anaphase on-
set in case of unattached or weakly attached kinetochores (for review: Musacchio and Salmon
(2007)). Merotely is a state in which microtubules from both cell poles attach to the same
kinetochore of one single chromatid. Merotelic attachment leads to lagging chromosomes since
they are under pulling force from both spindle poles and their kinetochore gets stretched in
this event. Lagging chromosomes lead to chromosome loss during mitosis and are therefore a
cause for CIN (Cimini et al., 2001). Furthermore, mutations in SAC genes, such as Mad2 or
Bub1 cause CIN (Michel et al., 2001; Cahill et al., 1998).
Changes in microtubule dynamics are also an important factor, which can contribute to CIN.
Microtubule dynamics are regulated by a huge number of microtubule associated proteins
(MAPs). Destabilizing MAPs are katanin, spastin and fidgetin (Sharp and Ross, 2012). Muta-
tions in spastin can cause cytokinesis failure (Connell et al., 2009). An example for a stabilizing
MAP is TPX2. It is necessary for spindle formation and chromosome segregation (Aguirre-
Portole´s et al., 2012).
Taken together, there is a plethora of different mechanisms by which cells may become
chromosomally unstable. It is however not known which of the above mentioned mechanisms
contributes to CIN in human cancer.
3.3 Post-tetraploids as a model system for complex aneuploidy
A model mimicking the evolution of tetraploid cells was previously generated in our laboratory
using HCT116 (human hereditary nonpolyposis colon cancer) and the non-transformed, immor-
talized cell line RPE1 hTERT (retinal pigment epithelium cells, immortalized by expression of
telomerase). Both cell lines are p53-proficient. All cell lines express H2B-GFP that allows
visualization by live cell fluorescent microscopy. Tetraploid cells were generated by induced
cytokinesis failure by treatment with dihydrocytochalasin D (DCD) (Fujiwara et al., 2005).
Following drug release, cells were subcloned by limited dilution on 96-well plates. The DNA
content in the progeny was assessed using flow cytometry for individual clones (Fig. 2 A, B).
11
All isolated HCT116-derived clones were termed HPTs and all RPE1 hTERT derived were
termed RPTs.
HPTs showed no significant differences in the length of interphase (nuclear envelope break-
down to anaphase onset, Fig. 2 C) and they proliferate at the same rate as their diploid
counterparts (Fig. 2 D). Both HPTs and RPTs displayed strong variation in their number of
chromosomes from near-diploid to near tetraploid, indicating a numerical aneuploidy with vari-
able karyotypes. HPTs displayed ongoing changes in chromosome numbers indicating that they
do not only have complex aneuploidy but also chromosomal instability (Fig. 2 E). Additionally,
HPTs display a higher number in translocations compared to their parental cell line HCT116
(Kuznetsova, 2013).
3.4 Tolerance to chromosome missegregation
As tetraploidy can be a potentially harmful precursor state for aneuploidy and CIN, certain
cellular mechanisms prevent newly arising tetraploid cells from proliferating further. Data from
our laboratory show that upon induction of cytokinesis failure most tetraploid cells can enter
several consecutive mitoses and afterwards arrest and/or subsequently die in a p53-dependent
manner (Kuffer et al., 2013). Interestingly, around 1% of tetraploid progeny is able to proliferate
further. Those rare survivors, further referred to as post-tetraploids (PTs), displayed variable
alterations in chromosome number and structure (aneuploidy) with predominant chromosome
losses, as well as chromosomal instability. CIN manifests itself in an increase in mitotic errors
(Fig. 3 A, B) and increased survival in response to bipolar chromosome missegregation observed
in HPTs (Fig. 3 D, Kuznetsova (2013)). Interestingly, the increased frequencies of mitotic errors
in HPTs are not the result of an abnormal number of centromeres (Kuznetsova, 2013). Similar
findings were reported for spontaneously arising tetraploid cells that become more tolerant to
chromosome missegregation than their progenitor diploid cells (Dewhurst et al., 2014).
The fact that aneuploid derivatives of tetraploid cells are able to proliferate in a CIN state
instead of arresting in a p53-dependent manner suggests that deregulation of the p53 pathway
may at least partially contribute to tolerance to mitotic defects in post-tetraploid cells. Under-
standing the mechanisms that allow proliferation of tetraploid progeny following chromosome
missegregation might improve our knowledge of the link between p53 deregulation and CIN that
are both frequently found in cancer. p53, the human transcription factor encoded by TP53, is a
tumor suppressor which functions mainly as a homo-tetramer. It consists of an amino-terminal
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Fig. 2: Generation and characterization of post-tetraploid (PT) cell lines. A Depiction of the generation process of PTs.
B DNA content profiles by flow cytometry after propidium iodide staining of HPTs (top row) and RPTs (bottom row). C Time
spent in mitosis measured from nuclear envelope breakdown (NEBD) to onset of anaphase (OA) in HCT116 and its PTs measured
by live cell imaging in four independent experiments. Tukey range and median are plotted D Numbers of proliferating cells (cells
undergoing at least two mitoses during time lapse image acquisition) in HCT116 and its PTs measured by live cell imaging in four
independent experiments. Mean and standard deviation plotted E Chromosome numbers assessed via interphase FISH in early
and late passages of HCT116 and its PTs in two independent experiments. Mean and standard error of the mean (SEM) plotted.



































































































Fig. 3: Survival of PTs after mitotic errors. A Depiction of the percentage of phenotypes of mitotic errors (anaphase bridges,
lagging chromosomes, both or multipolar errors) in all cell lines assessed in 20x magnified images with Sytox Green DNA staining
for HCT116 and HPTs. Mean and standard deviation (SD) of three independent experiments B Depiction of lagging chromosomes
(top) and anaphase bridges (bottom) at 64x magnification stained with CREST (centromeric staining), α-tubulin (microtubule
staining) and DNA staining. C Percentage of cells arresting or dying in all cell lines after normal or abnormal (bipolar) mitosis
assessed by live-cell imaging. Mean of four independent experiments and SD are plotted. Unpaired Student t-test D Percentage of
cells arresting or dying in all cell lines after multipolar mitosis. Mean of four independent experiments and SD are plotted. Data
and figures from Kuznetsova (2013). Significance levels: ∗ denotes p ≤ 0.05, ∗∗ denotes p ≤ 0.01, ∗∗∗ denotes p ≤ 0.001
tion and regulatory domain. It regulates cell cycle arrest, DNA repair and apoptosis among
others (Bullock and Fersht, 2001). p53 gets activated by cellular stress such as DNA damage,
inflammation, hypoxia and viral infection (Banin, 1998; Hirao, 2000; Shieh et al., 1997; Hofseth
et al., 2003; Graeber et al., 1994; Lowe and Ruley, 1993). In case of stress, p53 gets transported
into the nucleus after p53 tetramerization (Trostel et al., 2006). After oligomerization, p53 as-
sociates with dynein (Giannakakou et al., 2000). Dynein itself is a motor protein moving along
microtubules from their plus to minus ends, i.e. from the cell periphery to the center (Schnapp
and Reese, 1989; Hirokawa, 1998). p53 gets transported by dynein along the microtubules to
the nucleus, which is in close proximity to the centrosome (Burakov and Nadezhdina, 2013;
Moll et al., 1996). p53 gets transported through the nuclear pore by importin-α (Kim et al.,
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2000) (for review: Maki (2010)).
p53 is mutated in up to 70% of cancer patients depending on the cancer-type (Brosh and Rot-
ter, 2009; Rivlin et al., 2011)). In a recent study on bladder cancer, an inactivation of TP53
was reported in 76% of samples (The Cancer Genome Atlas Research Network, 2014). p53
inactivation in non-germline mutations is achieved predominantly by missense mutations in the
DBD of p53 and impairs the ability of p53 to bind DNA in order to activate transcription of
downstream targets. Interestingly, one mutant allele is sufficient to perturb p53 function since
p53 relies on a tetrameric state for activation, which is disturbed by the mutant p53 allele, i.e.
p53 is haploinsufficient. Additionally, this mutant state is followed in many cases by loss of het-
erozygosity (LOH) where the wildtype allele gets deleted or mutated (Rivlin et al., 2011). The
importance of undisturbed p53 function becomes clear in light of the Li-Fraumeni Syndrome
which is caused by a germline mutation of TP53 and predisposes patients to a wide variety
of tumor-types (Malkin et al., 1990; Varley, 2003; Brosh and Rotter, 2009). Furthermore, mu-
tant p53 is associated with oncogenic gain-of-function mutations such as drug resistance and
apoptotic interference (Brosh and Rotter, 2009). p53 cellular stabilization and activation are
regulated by its post-translational modifications that can influence for example the binding of
Mdm2 to p53 (Feng et al., 2005) (for review: Toledo and Wahl (2006)). Serine 15 of p53 is
phosphorylated by many different kinases, such as ATM, ATR, DNA-PK and p38 upon DNA
damage (Banin, 1998; Tibbetts et al., 1999; Shieh et al., 1997; Bulavin et al., 1999; Vitale et al.,
2008; She et al., 2000) (for review: Toledo and Wahl (2006)). ATM, for example, gets acti-
vated by oxidative stress and canonical DNA damage (Guo et al., 2010; Janssen et al., 2011).
Oxidative stress is caused by environmental or internal influences that can lead to oxidative
DNA damage such as base lesions (Cooke et al., 2003). The stress kinase p38 gets activated
in response to cellular stress signals such as disruption of the cytoskeleton and upon missegre-
gation (Mikule et al., 2006; Thompson and Compton, 2010). Additionally, upon cellular stress
p38 directly phosphorylates p53 at many different serine residues including serine 15 (Bulavin
et al., 1999; She et al., 2000). Additionally, p53 is phosphorylated at serine 15 upon chromo-
some missegregation in freshly arising tetraploids (Kuffer et al., 2013).
To identify the molecular mechanisms and pinpoint protein candidates involved in the survival
of post-tetraploid cells and their tolerance to mitotic errors, gene expression patterns of two
independent post-tetraploid clones derived from HCT116 were analyzed in our lab using mi-
croarrays as an initial approach. The analysis revealed deregulation of the p53 pathway. In
particular, remarkable changes were observed for CDKN1A (log2 0.9 increase of mRNA levels
in one post-tetraploid cell line out of two, namely HPT2) and MDM2 genes (log2 increase of
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0.8 for both analyzed post-tetraploid cell lines, namely HPT1 and 1.9 for HPT2), encoding p21
and Mdm2, respectively (personal communication Milena Du¨rrbaum). Mdm2 is an E3 ligase
responsible for p53 ubiquitination at the C-terminal lysines and subsequent degradation. It
is the cellular antagonist of p53 and the product of a p53-inducible gene which ensures low
p53 levels by an autoregulatory negative feedback loop (Moll and Petrenko, 2003). p21 is a
cyclin-dependent kinase inhibitor, which activates cell cycle checkpoints in response to DNA
damage and therefore maintains genetic fidelity in eukaryotic cells (El-Deiry et al., 1993; Deng
et al., 1995). Interestingly, p21 nuclear turnover is influenced by Mdm2, the p53 antagonist, in
an ubiquitin-independent manner (Jin et al., 2003) (for review: Warfel and El-Deiry (2013)).
The observed changes might suggest direct involvement of the p53 pathway in the tolerance to
mitotic errors in post-tetraploid progeny.
The aim of this thesis is to characterize RPTs with respect to aneuploidy and CIN and
the identification of the molecular mechanism which allows the survival of PTs after mitotic
errors. Characterizing RPTs is very important since they are derived from a non-cancerous,
immortalized cell line in comparison to HPTs, which are derived from a cancerous cell line.
Having characterized both cell lines is essential to validating prospective results on the mecha-
nism of tolerance to chromosome missegregation. To achieve this, RPTs will be analyzed by an
interphase Fluorescence In Situ Hybridization (FISH) experiment on early and late passages to
asses their chromosome copy numbers and to detect potential changes in between the passages.
Additionally, a copy number analysis performed in collaboration with the Kloostermann lab
will be added to the results of the FISH experiments.
As a second part, I want to find the molecular mechanism leading to tolerance to chromosome
missegregation in both HPTs and RPTs. Since it is known that the p53 pathway is involved in
tolerance to missegregation I tested the nuclear p53 levels after micronucleation in RPTs. Next
I investigated whether activation of p53 upon induced missegregation with a Vs83-washout is
impaired. I assessed the abundance of p53 and pSer15-p53 by western blotting. Since we could
not observe a link between induced missegregation and impaired p53 activation, we wanted
to know what other cellular stress results in p53 activation. DNA damage is one of the cel-
lular stress signal to which p53 responds. I assessed the levels of p53, pSer15-p53, p38 and
pThr180Tyr182-p38 with western blotting experiments after induced DNA damage.
Since tetraploidization can be an intermediate route to aneuploidy, CIN and eventually tumori-
genesis, understanding of the molecular mechanism leading to tolerance to missegregation in
tetraploids could enable us to prevent tumorigenesis in the long run.
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4 Results
4.1 Characterization of RPE1 derived post-tetraploids (RPTs)
Previous work of a postdoctoral student in our laboratory, Anastasia Kuznetsova, showed
that HCT116 derived post-tetraploids (HPTs) display aneuploidy and CIN (Fig. 2 E). HPTs
had variable karyotypes with median chromosome numbers between near-triploid and near-
tetraploid. This shows that HPTs have numerical aneuploidy (Kuznetsova, 2013). Whether
HPTs also show a considerable CIN phenotype was assessed by evaluation of chromosome num-
bers in interphase Flourescence In Situ Hybridization (FISH) experiments for chromosomes 1,
3, 7 and 12 in early and late (36) passages (Fig. 2 E). FISH is a method, which allows determi-
nation of the copy number of chromosomes in single cells with the help of fluorescently labeled
centromeric probes. HPT1 and HPT2 showed a tendency towards loss of chromosomes and
displayed ongoing changes in their copy number between early and late passages. Additionally,
chromosomal instability manifested itself through an increase in mitotic errors. About 15% of
HPT cells showed mitotic errors, such as anaphase bridges, lagging chromosomes and multipo-
lar mitosis. Their parental cell line, HCT116, in comparison showed mitotic errors only in less
than 5% of cells (Fig. 3 A). Since post-tetraploids were derived by a single tetraploidization
event, this means that tetraploidization can result in aneuploidy and CIN (Kuznetsova, 2013).
To ensure that changes in mitosis in HPTs and the marked difference from the parental cell line
HCT116 are not due to the fact that HCT116 is a transformed cell line, I performed similar
experiments with RPT cell lines that were derived by tetraploidization from the immortalized,
non-transformed cell line RPE1.
To rule out that experimental data is compromised by external sources, I checked all used cell
lines for a potential mycoplasm infection with the MycoTrace kit. This kit can detect various
mycoplasm strains. None of the cell lines were infected (Fig. S1).
The RPE1 derived post-tetraploids (RPTs) were analyzed in early and late passages (0 and 12
passages, respectively) in an interphase FISH experiment of chromosomes 3 and 7.
In previous work, karyotyping of metaphase spreads showed that RPTs range from near-
diploid to near-tetraploid (Kuznetsova, 2013). Like HPTs, all RPTs were aneuploid which
suggests that the evolution of cells into aneuploid cells obtained by one tetraploidization event
is not dependent on the parental cell line, cancerous or not.
17
























































































Fig. 4: Characterization of post-tetraploid cell lines derived from RPE1. A Depiction of the percentage of phenotypes
of mitotic errors (anaphase bridges, lagging chromosomes, both or multipolar errors) in all cell lines. Assessed in 20x magnified
images with Sytox Green DNA staining for RPE1 and RPTs. Mean of three independent experiments and SD are plotted. B FISH
data of centromeric regions of chromosome 3 in the cell lines RPE1, RPT1 and RPT3 in early (0) and late (12) passages depicted
as percentage of cells with a certain chromosome number in mean and SEM of two independent FISH experiments C FISH data
of centromeric regions of chromosome 7 in the cell lines RPE1, RPT1 and RPT3 in early (0) and late (12) passages depicted as
percentage of cells with a certain chromosome number in mean and SEM of two independent FISH experiments. Significance levels:
∗ denotes p ≤ 0.05, ∗∗ denotes p ≤ 0.01, ∗∗∗ denotes p ≤ 0.001
To investigate if RPTs harbor mitotic errors with increased frequency similar to HPTs ,
mitotic abnormalities in anaphase were analyzed by Sytox Green stained fixed cell imaging.
The parental cell line RPE1 showed less then 5% of cells displaying mitotic errors. RPT1 and
RPT4 showed similar and slightly less frequent mitotic errors than RPE1. In contrast to that,
about 12% of cells displayed mitotic errors in RPT3. The mitotic errors mostly consisted of
anaphase bridges and lagging chromosomes and only to a minor fraction of multipolar errors
(Fig. 4 A). Since RPT1 and RPT4 did not show increased frequencies of mitotic errors, they
are most likely chromosomally stable.
To address the question whether RPTs, particularly RPT3, display CIN and to support
the karyotyping data, I performed two independent FISH experiments for each of the cell lines
RPE1, RPT1 and RPT3 with centromeric probes against chromosomes 3 and 7. RPE1 almost
exclusively showed two sets of chromosomes 3 and 7 with almost no changes between the early
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Fig. 5: Copy number analysis of HCT116, HPT1, RPE1 and RPT3 by SNParray data. Done in collaboration with
Kloosterman, W.P., Uni Utrecht, NL. Copy number analysis for A RPE1 B RPT3 C HCT116 D HPT1. Significance levels: ∗
denotes p ≤ 0.05, ∗∗ denotes p ≤ 0.01, ∗∗∗ denotes p ≤ 0.001
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diploid cell line (http://www.lgcstandards-atcc.org/Products/All/CRL-4000.aspx; Thompson
and Compton (2008)). In contrast to that, RPT1 and RPT3 showed mainly four copies of chro-
mosome 3 with more variations in the chromosome numbers compared to RPE1 and with a
bias towards chromosome loss. For example, in both tested RPTs about 20% of cells contained
three copies of chromosome 3, whereas the occurrence of more than four copies of chromosome
3 was very low. Chromosome 7 was present in four copies in most RPT1 cells. However,
approximately 20% of cells contained only three copies of chromosome 7 and a very small frac-
tion showed chromosome numbers from one to five. RPT3 showed a major fraction of cells
with three copies of chromosome 7 (about 80%) in both early and late passages. It showed
approximately 10% of cells with either 2 or 4 copies of chromosome 7. Both RPT1 and RPT3
showed numerical aneuploidy with a bias towards chromosome loss but only minor changes
in chromosome number between early and late passages. Thus, FISH analysis revealed that
post-tetraploid cell lines derived from the non-cancerous cell line RPE1 can become aneuploid.
Next I wanted to see whether both HPTs and RPTs show copy number variations compared
to their respective parental cell lines.
The copy number variation analysis by SNParray data, which is population-based, showed that
almost all chromosomes are present in two copies in RPE1. Small parts of chromosomes 10 and
12 were present in 3 copies instead of two (Fig. 5 A, blue bars). Furthermore, the cell line RPE1
did not possess a Y-chromosome. These results confirm that RPE1 is a stable, diploid cell line
derived of female origin (http://www.lgcstandards-atcc.org/Products/All/CRL-4000.aspx).
RPT3 (Fig. 5 B) differed markedly from RPE1. Each chromosome should be present in twice
the number compared to RPE1 assuming that RPT3 cells are chromosomally stable since RPTs
were derived by an aborted cytokinesis of the RPE1 cell line. For example, chromosome 10 was
present partly in two and partly in four copies (Fig. 5 B; black box). However, if it would have
the same copy number variations as RPE1, the part of chromosome 10 that was present in three
copies in RPE1 should be present in six copies in the post-tetraploid RPT3. The same holds
true for chromosome 12, which did not maintain the copy number variation of the parental cell
line. Chromosome 12 was present exclusively in four copies in RPT3. Since part of chromosome
12 was present in three and the rest in two copies in RPE1, this variation should have been
mirrored in RPT3, assuming that the karyotype should not change.
Furthermore, RPT3 showed a trend towards loss of chromosomes since not only chromosome 7
but various other chromosomes were present in three copies instead of four (Chromosomes 1, 4,
5, 9, 14, 17). The loss of chromosome 7 was already shown in the FISH experiment (Fig. 4 B,
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C). RPT3 showed severe aneuploidy with a bias towards chromosome loss. Additionally, it did
not display the same copy number variations as RPE1.
A strong aneuploid phenotype was not observed in other RPE1 derived clones (Fig. S2). RPT1
and RPT4 still share the copy number variation of part of chromosome 10 of their parental cell
line and are tetraploid for most chromosomes.
Most chromosomes of the diploid cell line HCT116 were present in two copies (Fig. 5 C). Parts
of chromosomes 8, 10, 16 and 17 were present in three copies. The X-chromosome was present
in one copy, whereas the Y-chromosome was completely absent. This was to be expected since
HCT116 is described as a stable, near-diploid cell line (Thompson and Compton, 2008) with
gains in bigger arms of chromosomes 8, 10 and 17 as well as amplifications in the terminal
region of the long arm of chromosome 16 (16qter). Furthermore, HCT116 is described to
contain one copy of the X-chromosome and in metaphase spreads only 16% of cells had a
Y-chromosome(Masramon et al., 2000). The Y-chromosome could therefore not be seen in a
population based analysis.
The copy number variations of HCT116 on chromosomes 8, 10, 16 and 17 were observed in
HPT1, as well (Fig. 5 D; marked in grey). However, HPT1 had obtained additional copy number
variations apart from the ones that were already present in the parental cell line HCT116.
Chromosome 7 was present in three copies which was already observed in FISH experiments
(Fig. 2 E, Kuznetsova (2013)). Furthermore, part of chromosome 6 was present in 6 copies
and chromosome 15 was present in three or four copies in part of the population. To sum up,
HPT1 is aneuploid but does not show the same observed bias of HPTs and RPT3 towards
chromosome loss.
HPT6 showed copy number variations on chromosomes 8, 10 and 17 and had additionally lost
one copy of chromosome 11 and 13 (Fig. S2). Therefore, both HPT1 and HPT6 are aneuploid
and show a slight tendency towards chromosome loss.
4.2 Accumulation of nuclear p53 upon missegregation in PTs
Fresh tetraploids display increased frequencies of bipolar and multipolar mitotic errors and ar-
rest or die in a p53-dependent manner (Kuffer et al., 2013). During generation, post-tetraploids
display a low recovery efficiency of approximately 1%. This suggests that the majority of
tetraploid cells arrest or die due to p53 activation (Andreassen et al., 2001; Fujiwara et al.,
2005; Vitale et al., 2010). Additionally, HPTs are able to proliferate after missegregation dur-
ing bipolar mitosis in a higher percentage than their parental cell line (Fig. 3 C, Kuznetsova
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(2013)). This suggests a deregulation in p53 upon tetraploidization and missegregation in
post-tetraploids. This claim is supported by data from our laboratory showing that in HPTs
the expression of members of the p53 pathway, e.g. Mdm2 and p21, is deregulated (per-
sonal communication Milena Du¨rrbaum). Additionally, it was shown previously for HPTs by
A. Kuznetsova, that they have an attenuated nuclear p53 enrichment upon micronucleation
(Fig. 6 A, Kuznetsova (2013)).


































































Fig. 6: Post-tetraploids deregulate the p53 signaling pathway. Accumulation of p53 in the nucleus of cells with micronuclei in
A HCT116 and HPTs. Accumulation was determined by visual inspection. The mean and SEM of four independent experiments
are plotted. Data from Anastasia Kuznetsova. B RPE1 and RPTs. Accumulation was determined by automated cell profiler
analysis. The mean and SEM of four independent experiments are plotted. C Representative images of p53 accumulation in the
nucleus and micronuclei in micronucleated cells. Yellow arrowheads: micronucleus with enriched p53 signal, white arrowheads: no
p53 enrichment in the micronucleus, bar: 10 µm reference length. Data and figure from (Kuznetsova, 2013). Significance levels: ∗
denotes p ≤ 0.05, ∗∗ denotes p ≤ 0.01, ∗∗∗ denotes p ≤ 0.001
Therefore it was important to investigate whether missegregation in cell lines derived from
the non-cancerous RPE1 would alter the p53 signal, too. Alterations of p53 upon missegre-
gation were tested with a micronucleation assay. In this assay, cells are subjected to a DCD
washout. Since DCD inhibits cytokinesis thus leading to tetraploidization, cells that underwent
mitosis contain two nuclei in the first cell cycle after the abortive cell division. The population
of binucleated cells was analyzed for the presence of micronuclei. Micronuclei are formed as a
consequence of chromosome missegregation, i.e. when whole chromosomes or part of chromo-
somes are not segregated properly (Crasta et al., 2012).
It was shown previously by A. Kuznetsova that in the cell lines HPT1 and HPT2 only approx-
imately 25% of cells enrich nuclear p53 compared to about 40% for HCT116 after chromosome
segregation errors (Fig. 6 A, Kuznetsova (2013)). In RPTs, only the cell line RPT3 showed a
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significant lower number of micronucleated cells with enriched nuclear p53 (about 30%) com-
pared to RPE1. RPT1 and RPT4 displayed a similar percentage of micronucleated cells as
RPE1 (about 60%) (Fig. 6 B).
To sum up, all post-tetraploids derived from the cancerous cell line HCT116 showed atten-
uated nuclear p53 enrichment, whereas only RPT3 of all the post-tetraploids derived by the
non-cancerous, immortalized cell line RPE1 displayed this attenuation.
4.3 Changes in the abundance of p53 in post-tetraploids after in-
duced missegregation
Since the accumulation of nuclear p53 is attenuated in missegregating post-tetraploids, it is
interesting to investigate whether the abundance of p53 and p53 that is phosphorylated on ser-
ine 15 (called pSer15-p53 in the following) is changed upon induced missegregation. p53 gets
activated by phosphorylation which protects it from degradation (Moll and Petrenko, 2003). It
is known that the abundance of phosphorylated p53 increases after tetraploidization in fresh
tetraploids (Kuffer et al., 2013).
To test whether the activation of p53 by phosphorylation of serine 15 is altered in post-
tetraploids, I induced missegregation via a Vs83-washout strategy, which prevents duplicated
centrosomes from moving to the cell poles by inhibiting the kinesin motor-protein eg5 until
the drug is washed out. During the drug treatment, erroneous kinetochore-microtubule at-
tachments arise from monopolar spindles, so-called monoasters, which cannot get resolved in a
timely manner (Mu¨ller et al., 2007). After the drug is washed out, the centrosomes are able to
move to the poles. This leads to errors in chromosome segregation.
In order to make sure that I could use the Vs83-washout in a population based approach,
such as immunoblotting, I recorded live-cell imaging data for seven hours directly after the
washout. This enables me to control the effect of the drug treatment on HCT116 and all
HPTs. A population based approach can only be used if the cell lines react similarly to the
drug washout.
I found three different phenotypes of missegration: no missegregation, ”mild” missegregation,
such as lagging chromosomes and anaphase bridges, which could also be seen in untreated
samples, and ”severe” missegregation where a major part of DNA gets missegregated (Fig. 7 A).
Results from two independent experiments suggest a similar frequency of all mitotic phenotypes





























































































































































































Fig. 7: Activation of p53 after Vs83-induced missegregation. A Representative images of the possible missegregation
phenotypes: no missegregation (top), ”mild” missegregation (middle) and ”severe” missegregation assessed via live-cell imaging
(green: H2B-GFP signal). B Percentage of cells with missegregation phenotypes in HCT116, HPT1, HPT2 and HPT4 from two
independent experiments. Mean and SD are plotted. C Representative western blot for untreated and treated (Vs83-washout)
HCT116 and HPT cell lines. D Western blot results of four independent experiments after Vs83-induced missegregation. Calculation
of pSer15-p53/p53 ratio in HCT116 and HPT cell lines after induced missegregation. Western blot results were normalized to
respective loading control (GAPDH or ponceau) first, followed by a normalization to HCT116. E Representative Western blot for
untreated and treated (Vs83-washout) RPE1 and RPT cell lines. F Western blot results of three independent experiments after
Vs83-induced missegregation. Calculation of pSer15-p53/p53 status in RPE1 and RPT cell lines after induced missegregation.
Western results were normalized to respective loading control (GAPDH or ponceau) first, followed by a normalization to RPE1.
Mean and SEM are plotted in D and F.
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induced missegregation on the p53 pathway by western blotting (Fig. 7 B).
The blots from HCT116 and the HPTs showed a stronger pSer15-p53 and p53 signal in Vs83-
treated samples compared to the untreated samples (Fig. 7 C). The blots from RPE1 and
the RPTs showed an increase in pSer15-p53 and p53 in Vs83-treated samples compared to
untreated samples, as well (Fig. 7 E).
When I analyzed the pSer15-p53/p53 ratio in HCT116 and HPTs, I found that all HPTs
behaved similar to HCT116. The only exception was HPT1 where a slight reduction in the
pSer15-p53/p53 ratio was observed (normalized protein levels of about 0.5) (Fig. 7 D). All
RPTs showed a pSer15-p53/p53 ratio similar to RPE1, as well (Fig. 7 F).
Taken together, neither HPTs nor RPTs showed a decrease in the pSer15-p53/p53 ratio upon
induced missegregation compared to their respective parental cell lines.
4.4 Changes in the abundance of p53 and p38 in post-tetraploids
upon induced DNA damage
Since I could not detect a link between induced missegregation and impaired p53 activation in
HPTs nor RPTs, I was interested under what circumstances p53 activation might be impaired
in PTs. p53 is involved in the response to DNA damage (Banin, 1998; Moll and Petrenko, 2003;
Toledo and Wahl, 2006; Shaltiel et al., 2014) and it becomes phosphorylated at serine 15 by
many different kinases, such as p38, ATM and ATR (Toledo and Wahl, 2006; Tibbetts et al.,
1999).
To test whether p53 activation is impaired in response to DNA damage, I performed im-
munoblotting experiments against pSer15-p53 and p53 in untreated and doxorubicine (DRB)
treated cells. DRB is a DNA damaging reagent and induces DNA single and double strand
breaks by blocking the activity of DNA topoisomerase II (Tewey et al., 1984). The abundance
of pSer15-p53 and p53 was determined for HPTs and RPTs, their diploid parental cell lines, as
well as newly formed tetraploids of the parental cell lines (Fig. 8 C, F).
The parental diploid cell line HCT116 was used as a normalization reference with a ratio of
pSer15-p53/p53 of 1.0. The response to DNA damage, which is represented by the ratio of
phosphorylated p53 over total p53, was decreased in HPT2 and HPT4 to 0.1 and 0.3, respec-
tively. The decrease in the ratio of pSer15-p53/p53 in HPT2 was significant. HPT1 and freshly
tetraploid HCT116 did not show deregulated p53 signaling under DNA damaging conditions
(Fig. 8 B, normalized protein levels of 0.8 and 0.7, respectively).








































































































































































































Fig. 8: Post-tetraploids deregulate the p53 signaling pathway upon induced DNA damage. Calculation from western
blot results of at least two independent experiments after induced DNA damage with doxorubicine (DRB). Western blot results
were normalized to a respective loading control first, followed by a normalization to the respective diploid parental cell line (HCT116
or RPE1). pSer15-p53 and pThr180/Tyr182-p38 were normalized by ponceau as a loading control, p53 was normalized to GAPDH
as a loading control and p38 was normalized to HSP90 as a loading control. A Calculation of pThr180/Tyr182-p38/p38 ratio in
HCT116 and HPT cell lines. Mean and SD are plotted B Calculation of pSer15-p53/p53 ratio in HCT116 and HPT cell lines.
Mean and SEM are plotted C Representative Western blot for HCT116 and HPT cell lines, immunoblotting against p38 and HSP90
performed by Katarzyna Seget. D Calculation of pThr180/Tyr182-p38/p38 ratio in RPE1 and RPT cell lines. Mean and SEM
are plotted. E Calculation of pSer15-p53/p53 ratio in RPE1 and RPT cell lines. Mean and SEM are plotted F Representative
Western blot for RPE1 and RPT cell lines. Ordinary one-way ANOVA compared to parental cell lines for graphs A, B, D and E.
Significance level: ∗ denotes p ≤ 0.05
0.4) in DRB treated samples compared to their parental cell line RPE1 (normalized reference
level of 1.0). The decrease in RPT4 was significant. The newly tetraploid RPE1 cell line did not
show a decrease in the p53 response (normalized protein levels of 1.4; Fig. 8 E). In summary,
the ratio of pSer15-p53/p53 was decreased for HPT2, HPT4 and all of the RPTs.
Since the phosphorylation of p53 seems to be altered in HPT2, HPT4 and all RPTs, I tested
whether the upstream activation of p53 might be altered thus possibly causing the change in
p53 activation. p53 gets phosphorylated at serine 15 by many different kinases (Toledo and
Wahl, 2006). p38 seems a reasonable candidate of an upstream p53 activator since p38 is not
only phosphorylating serine 15 of p53 directly (She et al., 2000) but is responsible for the trans-
lation of p21, a downstream target of p53, as well (Kumari et al., 2013). Moreover, p38 is also
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associated with the activation of p53 after chromosome missegregation (Thompson and Comp-
ton, 2010). To investigate the behavior of p38, the samples of the DRB experiment described
above were used in western blots against p38 and phosphorylated p38 (pThr180/Tyr182-p38)
for all HPTs and RPTs, as well as their respective parental cell lines.
The phosphorylated form of p38 seems to be less abundant in western blots for HPTs in treated
compared to the untreated samples (Fig. 8 C). For RPTs, a decrease was only visible in RPT3
and RPT4 in DRB treated samples compared to untreated samples (Fig. 8 D). The abundance
of p38 is the same throughout all samples and treatments for both HPTs and RPTs (Fig. 8 C,
F).
Analogously to p53, I tested whether the ratio of phosphorylated p38 over total p38 was al-
tered upon DRB-induced DNA damage. For HPTs, only HPT1 had a clearly visible decreased
ratio of pThr180/Tyr182-p38/p38 (normalized protein level of about zero) compared to the
parental cell line HCT116 (Fig. 8 D, normalized protein level of 1.0). HPT2 and HPT4 had
a pThr180/Tyr182-p38/p38 ratio comparable to the parental cell line with normalized protein
levels of approximately 0.6 and 2.0, respectively.
RPT3 and RPT4 showed a decreased pThr180/Tyr182-p38/p38 ratio (normalized protein levels
of app. 0.5 and 0.3, respectively) compared to the parental cell line RPE1 (normalized protein
levels of 1.0), whereas RPT1 shows normalized protein levels of about 1.5.
To sum up, the ratio of pThr180/Tyr182-p38/p38 was decreased for HPT1, RPT3 and RPT4.
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5 Discussion
5.1 Post-tetraploids derived from a non-transformed cell line are
aneuploid and chromosomally unstable
The majority of newly formed tetraploid cells undergo highly erroneous mitosis resulting in
chromosome missegregation and subsequent aneuploidy. Not only numerical aneuploidy, but
structural chromosomal rearrangements can be facilitated by tetraploidy, as well (Fujiwara
et al., 2005). Post-tetraploids derived from the transformed cell line HCT116, so called HPTs,
proved to be aneuploid as well (Kuznetsova (2013); Fig. 5 C, D). Additionally, strong variations
between early and late (36) passages were observed in the FISH experiment along with increased
frequencies of mitotic errors (Kuznetsova (2013); Fig. 3 A) supporting the claim that a single
passage through tetraploidy is sufficient to trigger a CIN phenotype. This finding was further
confirmed for post-tetraploid cells that were derived from the non-transformed cell line RPE1,
namely RPTs. Aneuploidy in two post-tetraploid cell lines, RPT1 and RPT3, was confirmed
using FISH on chromosomes 3 and 7. Both cell lines displayed a bias towards chromosomal loss.
Ongoing changes in chromosome copy numbers could however not be observed, most likely due
to short passaging time (Fig. 4 B, C). Interestingly, most of the cells of RPT1 contained the
expected chromosome number of four. About 20% of cells had three copies of chromosomes
3 and 7 in the FISH experiment. This suggests that RPT1 is an aneuploid cell line but the
degree of aneuploidy is rather low. Alternatively, the gains and losses of chromosomes could
be balanced within the cell population, which in turn would not change overall chromosome
number distribution (e.g., if a certain number of cells with four chromosomes loses one chro-
mosome, while the same number of cells with three chromosomes gain one chromosome, this
change could be detected by neither FISH nor copy number variation analysis).
Compared to RPT1, the RPT3 cell line possessed three instead of four copies of chromosome
7 in the majority of analyzed cells, which is an indicator that the aneuploidy in RPT3 is more
complex (Fig. 4 B, C). This is further supported by data from the copy number analysis by
SNParrays. The analysis showed that RPT3 had lost one copy of many different chromosomes
and additionally the copy number variations, which were present in the parental cell line are
no longer maintained (Fig. 5 B). This indicates that RPT3 is a complex aneuploid cell line.
Remarkably, previous reports on tetraploid derivatives from non-transformed cells, for example
from p53-proficient mouse mammary epithelial cells (MMEC), state that those cells were not
able to proliferate in culture. These deviations from my observations could be explained by the
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fact that in the paper from Fujiwara et al. (2005) murine cells, but not human cells, were used.
A second paper states that tetraploid cells could proliferate after tetraploidization but a part of
the population was found to be chromosomally stable (Vitale et al., 2010). However, in this case
tetraploidization was achieved by treatment with the microtubule poison nocodazole, resulting
in mitotic slippage instead of inhibition of cytokinesis that was used by A. Kuznetsova for the
generation of PTs. It is possible that the nocodazole treatment might, due to unknown reasons,
affect the proliferation of tetraploid cells. Moreover, tetraploid cells generated by inhibition of
cytokinesis and subsequent FACS sorting proved to be chromosomally stable (Ganem et al.,
2009). It may be possible that the extent of aneuploidy does vary between post-tetraploid
cell lines. RPT1 is more similar to the tetraploid derivatives observed in Ganem et al. (2009)
than to RPT3. In contrast to that, RPT3 does show a high degree of aneuploidy following
tetraploidization. Tetraploidy as a transient route to aneuploidy was already observed in HPTs
(Kuznetsova, 2013) and was previously observed in other experimental settings, as well (San-
sregret et al., 2011; Ho¨gna¨s et al., 2012; Lv et al., 2012).
Remarkably, both HPT1 and RPT3 have lost one copy of chromosome 7. Loss of chromosome
7 or translocations of chromosome 7 are very often observed in leukemia and many lymphomas,
which is a type of cancer where cells of the immune system are affected (Hasle et al., 1999; Russo
et al., 1988; Brynes et al., 1996; Le Beau et al., 1986). These abnormalities also occur in some
patients with aplastic anemia (Luna-Fineman et al., 1995). The aneuploidy of chromosome 7 is
additionally linked to prostate cancer and is recognized as a marker of poor prognosis (Alcaraz
et al., 1994). Furthermore, trisomy 7 is detected in more than 40% of colorectal adenomas.
This abnormality is associated with growth advantage of cancer cells over normal diploid cells
in serum-free conditions and is therefore considered to be a driving force in disease progression
(Ly et al., 2011). An additional feature that PTs share with cancer cells is the bias towards
chromosome loss (Duijf et al., 2013), which was observed in all analyzed post-tetraploids.
Thus, post-tetraploid cells share features with known cancers such as the loss of chromosome
7, predominant loss rather than gain of chromosome copies and variable karyotypes (Storchova
and Kuffer, 2008; Kuznetsova, 2013). In this light, to test the transformation potential of PT
cell lines using in vitro colony formation assays, is an attractive venue for further research.
To sum up, both cell lines derived from the non-transformed parental cell line RPE1 are
aneuploid. However, the degree of aneuploidy varies more between the RPE1-derived post-
tetraploids than between HCT116-derived post-tetraploids and the degree of aneuploidy posi-
tively correlates with the frequency of mitotic errors. (Fig 3 A). This might suggest that post-
tetraploid cell lines derived from immortalized cells possess better genome stability surveillance
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systems in comparison to those of post-tetraploid cell lines derived from transformed cells.
Further research is required to address this possibility.
5.2 Nuclear p53 enrichment is attenuated after micronucleation in
post-tetraploid cells
In Kuznetsova (2013), clones derived from HCT116 displayed increased frequencies of mitotic
errors and were able to proliferate in a CIN state instead of arresting in a p53-dependent manner
(Kuznetsova (2013); Fig. 3 C). However, the mechanisms underlying this tolerance are poorly
understood. The p53 pathway is activated in response to many cellular stresses and targets
damaged cells for cell arrest and apoptosis (Moll and Petrenko, 2003). One of the possible
cellular stresses is missegregation that activates the p53 pathway as was observed in newly
formed tetraploids (Kuffer et al., 2013). and in de novo aneuploids (Thompson and Compton,
2010). That prompted us to test the p53 response in PTs. A deregulation of the p53 pathway
was confirmed by analysis of p53 enrichment after micronucleation, where HPTs enriched p53
in the nucleus less frequently than HCT116 in a micronucleation assay (Kuznetsova, 2013). In
turn, from all RPE1-derived PTs, only RPT3 showed attenuated nuclear p53 enrichment in a
micronucleation assay similar to HPTs (Fig. 6). This could suggest that only post-tetraploid
cell lines with increased frequencies of missegregation are subjected to evolutionary pressure
to become tolerant to missegregation. This tolerance may be achieved by attenuation of the
nuclear p53 enrichment in response to missegregation.
Previously, the fact that the arrest or death in diploid cells and newly formed tetraploid cells
following missegregation is dependent on p53 was observed in multiple experimental settings
(Andreassen et al., 2001; Thompson and Compton, 2010) (for review: Vitale et al. (2011)). Fur-
thermore, using transcriptional analysis it was shown that the p53 pathway was deregulated in
HPT clones (Kuznetsova, 2013). On top of a deregulation of the p53 pathway on mRNA level,
the possibility remains that p53 is mutated in missegregating PTs. Mutations of p53 are ob-
served in the majority of sporadic human cancers (Brosh and Rotter, 2009). A mutation in the
gene of the transcription factor p53 could affect its activation and stabilization by preventing
e.g. necessary post-translational modifications. Additionally, mutations on TP53 deregulate
a plethora of p53 target genes. These genes regulate very important cellular processes, such
as cell cycle arrest, senescence, apoptosis, differentiation and DNA repair (for review: Moll
and Petrenko (2003); Bullock and Fersht (2001); Brosh and Rotter (2009)). Therefore it is
important to address the possibility of a mutation in TP53 by sequencing the PTs and their
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parental cell lines.
Taken together, our findings support the hypothesis that post-tetraploids that display increased
frequencies of missegregation become tolerant to missegregation by interfering with the p53
pathway.
5.3 Mechanisms that can contribute to tolerance to mitotic errors
in PTs
All missegregating PTs displayed an attenuated nuclear p53 enrichment in a micronucleation
assay (Fig. 6). It was previously shown in our laboratory that microtubule dynamics are slower
at the microtubule plus-end during mitosis in HPTs compared to their parental cell line HCT116
(Fig. S4, Anastasia Kuznetsova, unpublished data). If minus-end dynamics are impaired simi-
larly or to a higher degree as the respective dynamics at the plus-ends, it could potentially lead
to a defect in p53 nuclear transport. In healthy cells, p53 gets transported to the nucleus by
dynein when cells are experiencing increased cellular stress signals. Dynein moves along micro-
tubules from the microtubule plus-ends to minus-ends, or in other words from the exterior into
close proximity of the nucleus (Giannakakou et al., 2000; Schnapp and Reese, 1989; Hirokawa,
1998; Burakov and Nadezhdina, 2013; Moll et al., 1996). Disrupted microtubule dynamics
could in turn disrupt the movement of dynein along microtubules, which may cause less p53
reaching the nucleus. Decreased nuclear p53 may result in a disruption of the p53 signaling
pathway and may explain why HPTs do arrest or die less frequently after missegregation. This
hypothesis needs testing on at least two levels. Firstly, do HPTs and RPT3 show disrupted
microtubule dynamics at the minus-ends in a degree that would prevent/hinder the movement
of dynein? Secondly, may the binding of p53 to dynein be impaired? This could be tested
in interphase cells stained for dynein and p53. A closer look on the colocalization of p53 and
dynein is necessary to evaluate this hypothesis.
An alternative hypothesis why PTs could be more tolerant to missegregation could be that
missegregation does not lead to a proper p53 activation because the activation of p53 itself is
impaired in PTs, which could prevent cells from arresting or dying. The activation of p53 is
mediated by phosphorylation of serine 15 among others. The phosphorylated form of p53 can
no longer interact with Mdm2, the negative regulator of p53 and therefore prevents its degrada-
tion by the proteasome (Shieh et al., 1997). This is supported by the fact that missegregation
leads to increased p53 levels in HCT116 and RPE1, which are the parental cell lines used for
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the generation of PTs (Thompson and Compton, 2010; Kuznetsova, 2013).
To investigate whether missegregation leads to defects in p53 activation, I performed im-
munoblotting against p53 and pSer15-p53 upon induced missegregation in a Vs83-washout
experiment. Vs83 prevents the duplicated centrosomes from moving to the cell poles during
mitosis, leading to erroneous microtubule-kinetochore attachments which often persist even af-
ter the drug is washed out. I assessed whether induced missegregation would lead to a decrease
in the ratio of pSer15-p53/p53.
I found that none of the PTs showed a decreased ratio compared to their parental cell lines.
Therefore it is unlikely that any link exists between chromosome missegregation, at least in
Vs83-induced missegregation, and defects in p53 signaling identified by this experimental strat-
egy (Fig. 7 C-F). There are two possible explanations for this result. Either there is no
correlation between missegregation and a deregulated p53 pathway in PTs or, alternatively,
immunoblotting as a population based approach is not the right choice to address this ques-
tion. The latter is supported by the fact that a Vs83-washout does not only induce normal
”mild” missegregation phenotypes but ”severe” missegregation phenotypes, as well (Fig. 7 A,
B). ”Severe” missegregation can result in situations where about one third of the entire DNA
mass is missegregated, which resembles tripolar mitosis. According to previous results, multipo-
lar mitosis cannot be tolerated by HPTs (Fig. 3 D), suggesting that HPTs cannot tolerate such
a massive DNA missegregation. The influence of ”severe” missegregation on the westernblot
is unknown. Therefore it would be necessary to consider testing this in another experimen-
tal setup. This could be addressed in a live-cell imaging approach. In live-cell imaging of
all PTs and their respective parental cell lines as a control it would be possible to assess the
missegregation phenotypes. In fixing the cells immediately after finishing live-cell imaging and
immunostaining against p53 and pSer15-p53, the p53 activation could be assessed only in cells
that showed the desired phenotype of ”mild” missegregation.
Taken together, one possible pathway for PTs to become tolerant to chromosome missegregation
is an attenuation of nuclear p53 enrichment following missegregation. This may be achieved
due to impaired nuclear import of p53. A link between induced missegregation and impaired
p53 activation could however not be shown in an immonoblotting approach. At this stage the
mechanism of tolerance to missegregation in PTs is still elusive.
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5.4 Response to DNA damage is altered in PTs
Since there was no correlation observed between induced missegregation via a Vs83-washout
and deregulation of the p53 activation in post-tetraploids (Fig. 7 D, F), I tested if other cellular
stress signals that are linked to missegregation could impair p53 activation. It was proposed
that missegregation induces DNA double strand breaks either by forces generated during cy-
tokinesis or by the mitotic spindle (Janssen et al., 2011; Guerrero et al., 2010). Thus, under the
assumption that missegregation in PTs is further causing DNA damage, potential alteration
in the DNA damage response might at least contribute to tolerance to missegregation. To test
this possibility, I induced DNA damage with doxorubicine (DRB). Treatment with DRB leads
to single- and double strand breaks (Tewey et al., 1984).
Phosphorylation of p53 was observed to be impaired in the immunoblotting experiments for
HPT2, HPT4 and all RPTs (Fig. 8 B, E). For HPT2 and RPT4, the decrease in the ratio
of pSer15-p53/p53 was statistically significant. This indicates that the activation of p53 is
impaired in response to DNA damage. Additionally, it does not seems to matter from which
parental cell line the post-tetraploids are derived, since all HPTs with the exception of HPT1
and all RPTs showed decreased activation of p53.
Serine 15 of p53 is phosphorylated by many different kinases, such as p38, ATM and ATR
(Banin, 1998; Tibbetts et al., 1999; Bulavin et al., 1999; Vitale et al., 2008; She et al., 2000).
Activated p38 phosphorylates p53 on serine 15 directly after induced DNA damage (Vitale
et al., 2008; She et al., 2000; Bulavin et al., 1999). Furthermore, p38 is involved in the response
to missegregation (Thompson and Compton, 2010) and plays a role in G1-S arrest in response to
centrosome defects (Mikule et al., 2006). I analyzed whether activation of the stress kinase p38
is impaired by performing immunoblotting experiments against p38 and pThr180/Tyr182-p38.
p38 is activated by a dual phosphorylation of threonine 180 and tyrosine 182 in response to
cellular stress signals and pro-inflammatory cytokines (Raingeaud et al., 1995). HPT1, RPT3
and RPT4 showed an impaired activation of p38 in response to DNA damage. An impairment
of p38 signaling coincides with the appearance of longer spindles (Lee et al., 2010). This can
also be observed in HPT1 and HPT2 (Fig. S3, Kuznetsova (2013)) which have significantly
longer spindles compared to their parental cell line HCT116. This supports the findings that
p38 signaling is altered in some of the post-tetraploids. Furthermore, these cell lines also have
an increased spindle width and a resulting larger spindle angle (Fig. S3, Kuznetsova (2013)).
Taken together, these findings suggest that DNA damage is sensed less efficiently on two mem-
bers of the p53 pathway: p53 itself and one of its upstream activators p38. Whether only the
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activation of p38 is impaired in PTs, which in turn impairs activation of p53 or whether the
activation of both p38 and p53 are independently altered cannot be distinguished using the data
currently available. A possible way to examine if the p53 activation is impaired independently
of the impairment of p38 would be a p38 knockdown and subsequent immunoblotting against
p53 and pSer15-p53. If the p53 activation is impaired in cells lacking p38, the impairment of
p53 is independent of p38. Assuming that missegregation does indeed lead to DNA damage in
PTs, tolerance to missegregation may be explained by these results under the assumption that
the Vs83-washout data are flawed or that missegregation induced by a Vs83-washout differs
from naturally occurring missegregation, at least when it comes to the cells’ response.
Freshly arising tetraploids arrest in an ATM dependent manner (Kuffer et al., 2013). Therefore
it would be interesting to investigate whether the proliferation of PTs despite increased fre-
quencies of mitotic errors could be caused by impaired ATM signaling. ATM is activated upon
chromosome missegregation which leads to DNA double strand breaks since they are subjected
to forces during cytokinesis (Janssen et al., 2011; Li et al., 2010). ATM and its homologue
ATR are essential to modulate cell progression, DNA repair and apoptosis. ATM is required
for the phosphorylation of several cell-cycle regulators, e.g. p53, Mdm2, Chk2 (Bakkenist and
Kastan, 2004; Shiloh, 2003; Abraham, 2001). It phosphorylates p53 on serine 15 directly upon
DNA damage (Banin, 1998; Canman et al., 1998). It would be interesting to test whether the
activity of ATM is impaired in PTs as well in order to gain insight what causes the impairment
of p53 activation. The abundance of ATM and activated, phosphorylated ATM could be tested
in an immunoblotting experiment in DRB-treated and untreated cells to show whether ATM
activation upon DNA damage is impaired which would in turn lessen the ability of ATM to
activate p53.
In summary, the activation of p53 and at least one of its upstream regulators, p38, in response
to DNA damage seems to be impaired in post-tetraploids. Post-tetraploids might therefore be
tolerant to missegregation because missegregation induced DNA damage is sensed less efficiently
by the p53 pathway.
5.5 Oxidative DNA damage could be sensed less efficiently in PTs
Missegregation is linked to DNA damage in the form of double strand breaks (Janssen et al.,
2011; Guerrero et al., 2010) as well as to oxidative DNA damage (Li et al., 2010). Both types of
DNA damage activate ATM (Li et al., 2010; Guo et al., 2010; Janssen et al., 2011). In addition,
a correlation between missegregation and oxidative DNA damage was found in freshly formed
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tetraploids. It has been shown that they exhibit increased levels of oxidative DNA damage,
measured by the accumulation of 8-hydroxy-2-deoxyguanosine (8-OHdG), a marker for oxida-
tive DNA damage. These increased levels of oxidative DNA damage correlated with increased
nuclear p53 levels upon missegregation in newly formed tetraploids (Kuffer et al., 2013). The
question arises whether PTs might be tolerant to missegregation by increasing their tolerance
to canonical and/or oxidative DNA damage. It is however not possible to distinguish these
two types of DNA damage with the data from this study, because DRB does not only induce
single and double strand breaks but was shown to induce oxidative stress in cardiac myocytes
in rats (Zhou et al., 2001). The aforementioned suggested experiments regarding the levels
of unactivated and activated ATM in the presence of DNA damage in PTs would only show
whether the ATM activation is impaired in general. If this were found to be the case, the
experiment should be refined by changing the DNA damaging reagent to be able to separate
canonical and oxidative damage. Another point is that p38 is activated upon oxidative stress
(Gutie´rrez-Uzquiza et al., 2012). Therefore, the same points as for the proposed ATM experi-
ments hold true for p38, as well.
In the future, a first prerequisite would be to test whether PTs display an increase in oxidative
and/or canoncial DNA damage upon missegregation. If missegregation in PTs causes oxidative
and/or canonical DNA damage, a possible way to distinguish the PTs’ reaction to oxidative as
opposed to canonical damage would be to repeat the above described experiments, but with a
reagent that induces oxidative DNA damage only, e.g. menadione.
To sum up all the previous discussion, a key hallmark of PTs seems to be aneuploidy inde-
pendent of the type of their parental cell lines. However, the degree of aneuploidy varied and
not all cells derived from an immortalized parental cell line displayed complex aneuploidy. CIN,
which was found in all PTs derived from a cancerous cell line could not be clearly identified to
be present in all RPTs. This fact needs to be addressed by increasing the number of passages
before looking at their chromosomal copy numbers. Post-tetraploids seem to share features
with known cancers, such as the loss of chromosome 7, more frequent chromosome losses than
gains and karyotypic variability.
Nonetheless, this study suggests a possible reason for tolerance to missegregation in PTs. It
could be that missegregation leads to oxidative and/or canonical DNA damage, while the
response to this damage is impaired by unknown factors. The key element in response to
these damages seems to be the p53 pathway with p53 itself building the possible bottleneck
of the pathway. This means that if p53 activation is impaired, as was shown, the consecutive
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answer/response such as apoptosis or cell arrest caused by p53 may be diminished. Several
possible candidates can activate p53 and their role in tolerance to missegregation needs to be
further analyzed.
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6 Materials and Methods
6.1 Cell lines
Tab. 1: Used cell lines and descriptions
Cell line Origin Source
HCT 116 H2B-GFP human colorectal carcinoma
cell line
ATCC (No. CCL- 247, LGC
Standards GMBH, Wesel, Ger-
many; H2B-GFP expression es-
tablished by Christian Kuffer
HPT1 H2B-GFP posttetraploid derivative of
HCT 116 H2B-GFP
established by Dr. Anastasia Y.
Kuznetsova
HPT2 H2B-GFP posttetraploid derivative of
HCT 116 H2B-GFP
established by Dr. Anastasia Y.
Kuznetsova
HPT4 H2B-GFP posttetraploid derivative of
HCT 116 H2B-GFP
established by Dr. Anastasia Y.
Kuznetsova
RPE 1 hTERT H2B-GFP human retinal pigment ep-
ithelium cell line, immortal-
ized by telomerase expres-
sion
Dr. Stephen Taylor
RPT1 H2B-GFP posttetraploid derivative of
RPE1 hTERT H2B-GFP
established by Dr. Anastasia Y.
Kuznetsova
RPT3 H2B-GFP posttetraploid derivative of
RPE1 hTERT H2B-GFP
established by Dr. Anastasia Y.
Kuznetsova
RPT4 H2B-GFP posttetraploid derivative of
RPE1 hTERT H2B-GFP
established by Dr. Anastasia Y.
Kuznetsova
All post-tetraploid derivatives were generated by treatment with dihydrocytochalasin D
(DCD, 0.75 µM) that inhibits cytokinesis. Cells were subcloned after DCD washout by limited
dilution on 96-well plates (seeding of dilution: 0.5 cells per well). DNA content was assessed
using flow cytometry for individual clones. Clones with a near-tetraploid DNA content were
termed post-tetraploid derivatives and used in this work.
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6.2 Primary antibodies
Tab. 2: Used primary antibodies and descriptions
Antibody Species Dilution Source Catalogue number
p53 rabbit 1:100 Cell Signalling #9286
Mdm2 mouse 1.140 abcam ab16895
p21 rabbit 1:800 Cell Signalling #2947
phospho-p38 (Thr180, Tyr182) rabbit 1:800 Cell Signalling #9211
p38 rabbit 1:700 Cell Signalling #9212
phospho-p53 (Ser15) rabbit 1:200 Cell Signalling #9284
phospho-p53 (Ser15) mouse 1:1000 Cell Signalling #9286
GAPDH rabbit 1:1000-1:5000 Cell Signalling #2118
HSP90 rabbit 1:2500-1:5000 Cell Signalling #4874
All antibodies were diluted in the appropriate blocking solution (5% of BSA or skim milk
in TBS-T).
6.3 Materials and solutions
6.3.1 SDS-PAGE and immunoblotting materials
Gels: 10% resolving polyacrylamide gels with 5% stacking gels.
RIPA lysis buffer (pH 7.5): 50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA,
10% glycerol, 1% TritonX-100, 100 mM NaF, 10 mM Na4P2O7, protease inhibitor cocktail.
La¨mmli buffer: 62.5 mM Tris/HCl pH 6.8, 2% (w/v) glycerol, 0.002% (w/v) bromphenole
blue, 2.5% β-mercaptoethanol.
Lower SDS-buffer (pH 8.8): 1.5 M Tris-HCl, 0.4% (w/v) SDS.
Upper SDS-buffer (pH 6.8): 0.5 M Tris-HCl, 0.4% (w/v) SDS.
SDS-PAGE running buffer: 25 mM Tris/HCl, 200 mM glycine, 0.1% (w/v) SDS.
Semi-dry transfer buffer: 27 mM Tris/HCl, 200 mM glycine, 20% (w/v) methanol (abso-
lute).
TBS-T (pH 7.5): 50 mM Tris, 150 mM NaCl.
Blocking buffer: 5% (w/v) skim milk or BSA in TBS-T.
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6.3.2 Other materials
PBS (pH 7.5): 137 mM NaCl, 2.7 mM KCl, 10 mM Na4HPO4, 2 mM KH2PO4. All other
materials used are described in the method section.
6.4 Cell culture
6.4.1 Working cell stocks
Working stocks in vials were preserved in a freezing solution (90% fetal calf serum FCS, 10%
DMSO) and stored at -80◦C in a freezer. To thaw the cells, the vials were agitated at 37◦C in
a water bath. Cells were transferred to falcon tubes containing 5 mL of medium. Cells were
pelleted at 1500 rpm for 5-7 minutes. Supernatant was removed and cells were resuspended in
10 mL of fresh medium and plated in 10 cm Petri dishes.
6.4.2 Culturing
All cell lines were cultured in Dulbecco’s modified medium (DMEM, Gibco, Karlsruhe, Ger-
many) with 10% heat-inactivated FCS (55◦C, 45-60 min) and 1-2% PenStrep (50 IU/mL peni-
cillin and 50 µg/mL streptomycin, PAA, Pasching, Austria) at 37◦C and 5% CO2 in a humid
atmosphere. Cell cultures were used for experiments after 2 to 4 days in culture.
Cells were split three times a week, in a ratio from 1:2 to 1:10 depending on density and planned
experiments. Cells were washed in PBS, treated with a small amount of trypsin-EDTA (PAA,
Pasching, Austria) covering the plate completely for 3-5 minutes at 37◦C until they detached
completely. The appropriate amount was plated in new Petri dishes, keeping the amount of
trypsin-EDTA well below 25%. Cells were counted on a Beckman Coulter Z1 cell counter
(Beckman Coulter, Munich, Germany) prior to seeding for experiments. Cells were diluted in
medium to obtain the needed concentrations.
For Western blots, 10 mL of cell solution with a concentration of 170000 cells/mL were plated
in a 10 cm Petri dish for all cell lines. For live-cell imaging ,170000 cells/mL were dispensed in




All cell lines were tested for mycoplasm infection with the MycoTrace kit from PAA. Cell
culture supernatant (approximately 1-2 mL/ cell line) was collected and 1 mL was transferred
into Eppendorf tubes. The supernatant was centrifuged for 5 minutes at 13000 rcf. The
supernatant was removed by decanting and careful pipetting. The pellet was resuspended in
100 µL DNase free water and heated at 95◦C in a heatblock for 3 minutes. The samples were
centrifuged for 5 minutes at 13000 rcf and the supernatent was transferred to a new tube.
A mastermix was prepared for all samples, the water control (no sample, no internal control),
the internal control (no sample) and the positive control (positive tested sample, personal
communication Christian Kuffer).
Tab. 3: Preparation of the PCR reaction mixture for MycoTrace samples
Components Volumes needed [µL]
Taq Polymerase Buffer 2.7
MycoTrace Primer Mix 9.0
Myco Trace Internal control 1.0
Sample 1.0
Water 9.3
Taq Polymerase (1 U/mL) 1.0
PCR condition: 94/60”-[94/30”-61/30”-72/30”]x35-72/10’
The samples were mixed with 6x loading dye and loaded in a 2% gel. The gel run was
30 minutes at 100 V and then 30 minutes at 135 V. The image was visualized under UV light.
6.6 Used drugs to assess p53 response
Cells were treated with 1 µM DRB, which induces severe DNA damage for 4 hours, pelleted and
either flash-frozen in liquid nitrogen and stored at -80◦C or lysed immediately. The response
was compared to untreated, diploid cells as a negative control and freshly tetraploid cells, which
were obtained by treatment with DCD (dihydrocytochalasin D, 0.75 µM , Sigma, Taufkirchen,
Germany), an actin inhibitor which abolishes cytokinesis, for 24 hours. Cells were treated
with 20 µM Vs83 (a kinesin inhibitor) for 18 hours. Cells were washed 6-7 times with PBS and
released in prewarmed medium. The cells were monitored and pelleted approximately 6-7 hours
after they left mitosis.
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6.7 Cell lysis, protein preparation and concentration measurement
Pelleted cells were resuspended in 100-400 µL RIPA lysis buffer containing protease inhibitor
cocktail (Pefabloc SC, Roth, Karlsruhe, Germany). Lysates in Eppendorf tubes were incubated
on ice for 10 minutes, then sonicated in a waterbath for 15 minutes. Cell debris was pelleted
by centrifugation at 13600 rpm for 10 minutes at 4◦C using a table-top microcentrifuge (Ep-
pendorf, Hamburg, Germany). Supernatant was transferred to a new, precooled tube. Protein
concentration was measured at 595 nm wavelength in triplicates or quadruplicates using Brad-
ford reagent on SmartSpec 3000 spectrophotometer (both, BioRad, Munich, Germany). The
median of the measurements was used for further calculations. Protein levels were adjusted to
concentration of 15 to 30 µg/µL using the appropriate amount of 4x La¨mmli-buffer.
6.8 SDS-PAGE and immunoblotting
Cell lysates (20 µL per pocket) were loaded into an SDS-gel and separated (90 V, 90 mA,
appr. 1:30 h). Protein sizes were estimated using PrecisionPlus All Blue protein markers
(BioRad, Munich, Germany; 10 µL per pocket). Separated proteins were transferred semi-dry
(10 V, 300 A, 40 min; Trans-Blot Semi Dry BioRad, Munich, Germany) onto a water-activated
Whatman Protran nitrocellulose membrane (Sigma-Aldrich, St. Louis, MO, USA). Proteins on
membranes were visualized by ponceau S staining (0.2% ponceau S, 1% acetic acid). Membranes
were blocked for 3 hours in blocking solution and were further incubated in primary antibody
solutions (Tab. 2) or in blocking solution (primary antibodies next day for 1 h) overnight at
4◦C on a rotor. Membranes were rinsed three times for 5 minutes each with TBS-T, incubated
for one hour in HRP-conjugated secondary antibodies (R&D Systems) in blocking solution
(dilution 1:5000). Membranes were rinsed three times for 5 minutes each with TBS-T, and
incubated for 5 minutes in Super Signal West Femto Maximum Sensitivity Substrate (Thermo
Scientific), ECL Prime Western Blotting Detection Reagent (GE Healthcare), or TMA-6 kit
(Lumigen) and detected on Fujifilm Luminescent Image Analyzer (LAS-3000 Lite) system (Fu-
jifilm, D”usseldorf, Germany) and ECL hyperfilm (GE Healthcare).
Quantification of desired protein bands was done with the help of ImageJ (National Institutes
of Health, http://rsb.info.nih.gov/ij/). Bands were normalized over the GAPDH or HSP90
band or ponceau staining and further normalized to diploid control. Graphs were designed in
prism (GraphPad Software, San Diego California USA, www.graphpad.com)
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6.9 Micronucleation test
Cells were seeded on a glass-bottom 96-well plate two days before imaging. To mark cells
which underwent mitosis, all cells were treated with DCD for 18 hours. Cells that underwent
one single mitosis before fixation become binucleated and were scored.
Cells were washed three time with PBS, fixed by adding 100 muL 37% formaldehyde directly
into the medium. Incubation for 12 minutes. Cells were thrice rinsed with PBS and treated
with PBS containing 0.5% TritonX100 (Roth, Karlsruhe, Germany) for 5 minutes to permeabi-
lize. Cells were washed three times with PBS and blocked for 30 minutes in 5% FCS with 0.3%
TritonX100. Cells were incubated in rabbit anti-p53 antibody (1:600, Cell Signalling #9286)
in blocking solution in the fridge over night.
Cells were washed three times with PBS and were incubated for one hour in secondary an-
tibody solution (1:1000, DyLight 649-conjugated anti-rabbit, Thermo Fisher Scientific Inc.)
and stained with SYTOX Green Nucleic Acid dye (Molecular Probes, Invitrogen) with added
RNAse. Cells were washed four times with PBS and imaged in the last volume of PBS. Ac-
quisition on an inverted Zeiss Observer Z1 microscope with 20x magnification air objective
with Slidebook 5.5 software. The brightness of the p53 staining in the nucleus and cytoplasm
was determined with Cell Profiler software. The percentage of binucleated cells containing a
micronucleus was determined. The p53 enrichment in the nucleus was correlated to cell fate.
6.10 Analysis of mitotic abnormalities
The cells were seeded on a glass-bottomed 96-well plate. Cells were briefly washed with PBS,
fixed with 100% methanol for 10 minutes at -20◦C. Cells were thrice rinsed with PBS. DNA
was stained with SYTOX Green Nucleic Acid dye (Molecular Probes, Invitrogen) with added
RNAse. The acquisition was carried out on Visitron Systems microscope using GFP and DIC
filters and 20x magnification objective with Slidebook 5.5 software. The lagging DNA mass
and anaphase bridges were scored in anaphases and early telophases by visual inspection of the
images.
6.11 Interphase FISH
The cell lines RPE1, RPT1 and RPT3 were seeded at 0 and 12 passages in 10 cm plates. Cells
were treated for 4.5 hours with 50 ng/µL colchicine (Serva, Heidelberg, Germany) to depoly-
merize microtubules in order to obtain a higher number of cells in mitosis. Cells were collected
and pelleted with a table-top centrifuge at 1500 rpm for 4 minutes. Cells were swollen in 6 mL
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per falcon tube of 75 mM KCl (Roth, Karlsruhe, Germany) for 15 minutes at 37◦C. Cells were
fixed in 6 mL per falcon tube ice-cold Carnoy solution (75% absolute methanol, 25% acetic
acid, Sigma, Taufkirchen, Germany). The fixative was exchanged three times by spinning the
tubes at 800 rpm for 6 minutes, supernatant was removed and cells were carefully resuspended
in fixative. The last volume was adjusted in a way that all cells should have the same density
and stored over night at 4◦C.
Per cell line, 15 muL of cell suspension was spotted on a glass microscope slide and the drop
was allowed to dry. The cell density was checked and adjusted when needed. Dry slides were
immersed in 2x SSC for 2 minutes at room temperature without agitation. The slides were
dehydrated in an ethanol series (70%, 85%, 100% absolute ethanol) for two minutes each step
at room temperature without agitation.
The probe (α-satellite at chromosome 3 with a red fluorophore (LPE003R) andα-satellite at
chromosome 7 with a green fluorophore (LPE007G), Cytocell aquarius, Cambridge, UK) was
thawed at room temperature. 3 µL of each probe and 4 µL per slide were mixed in an aluminum-
foil covered Eppendorf tube by vortexing and pulse-spun in a table-top centrifuge.
The probe and the slides were prewarmed at 37◦C for 5 minutes. 10 muL of probe mixture
were spotted onto the cell sample. A coverslip was applied and sealed with rubber solution glue
(Fixogum, Marabu). When the glue was completely dry, the samples were denaturated on a
hotplate at 75◦C for 2 minutes. The slides were placed in a humid, lightproof container. The
container was sealed with parafilm and placed at 37◦C over night for hybridization.
The coverslips and all remaining rubber glue were removed carefully. The slides were immersed
without agitation in 0.25x SSC (pH 7.0) for 2 minutes at 72◦C. The slides were drained and
immersed without agitation in 2x SSC, 0.05% Tween-20 (pH 7.0) for 2 minutes at room temper-
ature. Slides were drained and 10 µL DAPI antifade was added onto each sample. The slides
were covered with coverslips and sealed with rubber glue. DAPI on the slides was developed
in the dark and glue was allowed to dry completely. The slides were acquired on an inverted
Zeiss Observer Z1 microscope with 63x magnification oil objective with Slidebook 5.5 software.
Per slide, captures of approximately 200 cells were taken. The number of chromosomes 3 and
7 per cell was determined visually.
6.12 Copy Number Analysis
In collaboration with Kloosterman, W.P., Uni Utrecht, NL.
Human CytoSNP-12 bead chip arrays (Illumina) for detecting copy number aberrations (CNAs)
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were used in clonal aneuploid and diploid cell lines. Array hybridization was performed accord-
ing to the manufacturer’s recommendations. CNAs were called using Nexus software (version
7.5.1) with standard settings. To identify unique CNAs in clonal cell lines, we used the Nexus
call coordinates and removed all calls of the same type with a reciprocal overlap of at least 60%.





























































































Fig. S1: Test for mycoplasm infection in all cell lines with the PAA MycoTrace kit. PCR based detection of various
mycoplasm strains in the cell culture supernatant of cultured cells. PCR products were loaded into a 2% TAE-gel and separated.
All PCR samples were pipetted with an internal control (700 bp). Mycoplasm infection would be visible by an 500 bp band. Green
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Fig. S2: Characterization of post-tetraploid cell lines derived from RPE1 and HCT116 by Copy Number Analysis.
Copy number analysis data in collaboration with Kloosterman, W.P., Uni Utrecht, NL for RPE1, HCT116, RPT1, HPT6 and
RPT4
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Fig. S3: Mitotic spindle is altered in HPTs. Spindle length and width is changed in HPTs. Data and Images from Anastasia
Kuznetsova (Kuznetsova, 2013).
Significance levels: ∗ denotes p ≤ 0.05, ∗∗ denotes p ≤ 0.01, ∗∗∗ denotes p ≤ 0.001
.
5-10 microtubules analyzed per cell, 
N=3
Fig. S4: Changes in microtubule polymerization in HPTs. Change of length in microtubule plus ends. 5-10 microtubules
analyzed per cell in three independent experiments. Data and Images from Anastasia Kuznetsova, unpublished data.
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